There is a strong need for a fine three-dimensional metal patterning technique for fabricating next-generation devices such as patterned media and plasmon photonic and nano-scale electrodes. In addition, flexible and transparent electronic devices on plastic substrates are desired for wearable devices and flexible thin-film displays. Therefore, a technique for patterning metals onto plastic substrates is required. Nanotransfer printing (nTP) has received much attention recently because of its high throughput and high resolution compared to inkjet printing. However, it is difficult to create sub-100 nm metal patterns using nTP because the PDMS stamp is deformed by transfer pressure. Therefore, we have developed a technique for transferring three-dimensional metal patterns onto a polyethylene terephthalate (PET) substrate by nanoimprint lithography using a metal oxide release layer. The three-dimensional nanoimprint mold was fabricated by control of acceleration voltage electron beam lithography (CAV-EBL) with spin-on-glass (SOG). As a result, three-dimensional metal nano patterns were obtained using a metal oxide release layer. Moreover, the metal moth-eye structure, which has a very high aspect ratio, was transferred onto a PET substrate by applying our process to the moth-eye structure on glassy carbon.
Introduction
There is a growing need for a fine metal patterning technique for fabricating nano-scale electrodes and next-generation devices such as plasmonic devices. Recently, patterns in gold and various other metals have become necessary and three-dimensional (3D) metal patterns are also desired for plasmon photonics and optical devices. For example, a high aspect ratio grating structure on a gold surface is used for creating a thermal emission source of linearly polarized and narrow-band midinfrared waves (1) , and silver nanorods are used for a metallic nanolens to observe subwavelength color images (2) . Moreover, copper fine patterns are used for LSI wiring because of their low resistivity and low cost. Therefore, a fine 3D patterning technique for various metals, which has high resolution and high throughput, is strongly required to fabricate these devices at low cost. Plastic substrates are attracting interest because they are low cost, environment friendly, flexible and transparent. Techniques of metal patterning on a plastic substrate have been actively studied to fabricate organic semiconductor devices (3) . Nanotransfer printing (nTP)
has received much attention in recent years (4) because of its high throughput and high resolution. In nTP, polydimethylsiloxane (PDMS) is used as the stamp and titanium as the adhesion layer. Gold patterns can be created on a polyethylene terephthalate (PET) substrate by nTP because the adhesion force between the PDMS stamp and gold layer is comparatively weak. However, it is difficult to create sub-100nm metal patterns using nTP because the PDMS stamp is deformed by transfer pressure. In addition, the PDMS stamp is typically fabricated by using a silicon mold, and the process of fabricating this mold involves many troublesome processes, such a metal lift-off and dry etching. In order to overcome these issues, we have developed a technique for transferring a 3D metal pattern onto a PET substrate using a metal oxide release layer (5) (6) . In this process, spin on glass (SOG) is used for a positive-type electron beam resist; the obtained three-dimensional SOG pattern, using control of acceleration voltage electron beam lithography (CAV-EBL), can be directly used for the nanoimprint mold without the risk of dry etching. The SOG film after baking is similar in structure to quartz and this helps to carry out the transfer process directly (7) (8) . Moreover, the hardness of SOG assists the transfer of the fine metal pattern onto the soft substrate, because the soft substrate makes a good fit and contact with the hard SOG mold without high pressure. Our previous studies have reported the ability of a chromium oxide (Cr 2 O 3 ) layer to release a gold layer, resulting in the fabrication of a gold pattern with 30-nm gaps (5) . As noted above, however, many kinds of the nano-scale 3D metals pattern are strongly desired. Although a Cr 2 O 3 layer can release gold layer easily, it was not cleared the transfer performance of a Cr 2 O 3 layer for silver and copper layer. In this study, we therefore investigate the transfer performance of silver and copper layer using a Cr 2 O 3 layer. Furthermore, we newly employed an aluminum oxide layer as a release layer because it is reported by Prof. Rogers' group (4) that the metal pattern on the stamp can be transferred to the PET surface when the surface energy of the heated PET is larger than that of the release layer, and aluminum oxide layer's surface energy (46.1 mN/m) is less than that of the Cr 2 O 3 release layer (54.6 mN/m) (9) . We also examined the durability of the fabricated SOG mold coated with the metal oxide release layer. Usually, the nTP process cannot be repeated due to the metal layer remaining in the stamp pattern. In order to establish a low cost and high throughput process, transfer durability and a method of cleaning the nTP stamp are desired, so we also examined the durability of the Cr 2 O 3 release layer, and a self-cleaning method for repeated transfer processes. Moreover, a moth-eye structure of glassy carbon (GC), which has a very high aspect ratio pattern, was used as a test mold for the metal oxide release layer. This moth-eye pattern was fabricated by using oxygen plasma with electron cyclotron resonance (ECR) (10) . Generally, it is difficult to replicate a high aspect ratio pattern using a resin such as PDMS because of the high adhesion force between the mold and the resin, so the normal nTP process cannot be used for such patterns. In this study, the maximum aspect ratio of the transferred metal pattern was investigated with or without the metal oxide release layer. As a result, a metal pattern with a high aspect ratio of over ten was created on a PET substrate from a metal oxide release layer.
Experimental Setup
The fabrication process of the 3D SOG mold is shown in Fig. 1 . Accuglass-512B (Honeywell Co.), which is a positive-tone inorganic resist, was used as a nanoimprint mold material. A buffered hydrofluoric acid (BHF) solution (50% HF 25 cm 3 /L, and 40% NH 4 F 30 cm This patterned SOG layer was used as the nanoimprint mold. To compare the release property between the developed SOG mold surface or the metal release layer, and a metal, the same patterned molds with or without the metal oxide release layer were prepared.
Fig. 1 The process of fabricating the 3D SOG mold
In this study, chromium or aluminum oxide was used as the release layer. The coating process of the 3D nanoimprint mold involves two major steps. First, the mold was coated by chromium or aluminum of 20-30 nm thickness using a resistively heated vacuum evaporation system (VPC-260F, ULVAC KIKO Inc.). Next, we ventilated the vacuum evaporation system to oxidize the surface of the metal release layer. Subsequently, the transferred metal was deposited on the release layer. Then, the hot plate was heated to 80°C, and a PET substrate was placed on the mold for 30 min without additional pressure. The sequence of the process is shown in Fig. 2 . The transfer mechanism, as reported by Prof. Rogers' group (4) , is as follows. The metal pattern on the stamp can be transferred to the PET surface when the surface energy of the heated PET is larger than that of the release layer. In this study, chromium or aluminum oxide was used as the release layer because these are generally very hard and have low surface energy (9) . In addition, the PET surface around the glass-transition temperature has high wettability and high adhesion performance, and these properties assist the metal transfer process. The transferred metal pattern was observed with SEM the same as for the delineate task. 
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Next, we examined the releasing ability of the metal oxide release layer using a moth-eye structure of glassy carbon (GC) as shown in Fig. 3 . Fig. 3 The obtained GC moth-eye structure test mold.
The aspect ratio of the GC mold could be varied by changing the ECR machining time. The height of the moth-eye structure, obtained by ECR machining for 45 min, was approximately 1 µm. Similarly, the fabricated GC moth-eye structure was coated by chromium or aluminum of 20-30 nm thickness, and then gold or silver of over 1 µm thickness was deposited as a transferred metal. Then, the metal moth-eye structure was transferred onto the PET substrate and the reflectance ratio was measured using a reflectance spectrometer (Spectra Co-op).
Results and Discussion

The release property of the metal oxide release layer
Initially, we tried to transfer the copper pattern using the Cr 2 O 3 release layer. However, it was difficult to remove the PET substrate because of the large adhesion force between the Cr 2 O 3 layer and copper, so we examined the aluminum oxide layer. Figure 4 shows SEM images of the patterned mold surface with or without the aluminum oxide release layer after copper pattern transfer. Without the aluminum oxide release layer, the patterned SOG mold broke at the first transfer process, whereas the mold with the release layer remained perfect after transfer. Figure 5 shows the result of transferring the copper pattern with the aluminum oxide layer: a gap pattern of approximately 70 nm width was obtained on the PET substrate. Thus, the aluminum oxide layer released the copper layer better than did the Cr 2 O 3 layer. However, the adhesion force between the aluminum layer and the SOG layer was not adequate for transferring the metal layer repeatedly. The adhesion force between the chromium layer and the SOG film is larger than that of the aluminum layer because an interlayer of Cr 2 O 3 is formed at the boundary between the SOG film and the chromium layer. This advantage is frequently used for photomasks for semiconductor lithography. Therefore, the adhesion interlayer between the aluminum and SOG layer increases the durability of the stamp. In the near future we will investigate the detailed release properties due to differences in the release layer. Fig. 5 SEM images of the copper pattern transferred onto the PET substrate using an aluminum oxide release layer. Figure 6 shows a cross section of the SOG mold, revealing a patterned standoff line and coated with the Cr 2 O 3 release layer. This standoff line pattern was delineated at 30 kV and the patterned width was 130 nm. 
Durability of the metal oxide release layer
Si substrate
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Vol. 4, No. 5, 2010 Figure 7 shows the cross section of the SOG mold during the first and second transfer processes. The transferred material was gold and was approximately 250 nm thick. After the transfer process, the gold remained in the standoff line pattern because this gold pattern did not contact the PET substrate during the transfer process. The height of the gold line was higher than that after the first transfer and the boundary line between the first and second deposited gold layers was not observed. This means that the second deposition gold layer was united with the first layer. 
Vol. 4, No. 5, 2010 substrate, thereby cleaning the mold itself and assisting the repeated transfer process. As a next step, we examined the result of transferring a 3D metal pattern by using this technique.
Transfer of 3D metal nano pattern onto PET
The 3D metal pattern could also be obtained using our technique with metal oxide release layer. The transferred metal layer was deposited onto the metal oxide release layer with sufficient thickness to fill the given mold pattern in one deposition. In this case, the thickness of deposited gold was approximately 250 nm. Figure 9 shows the 3D mold coated with the Cr 2 O 3 release layer, and the gold pattern transferred onto the PET substrate. The patterned areas of the SOG mold, which were delineated at 1, 2 kV, were transferred as a convex gold pattern onto a PET substrate. In contrast, a part of the SOG mold delineated by 4 kV was transferred as a gap pattern, because the mold depth of the area delineated by 4 kV was deeper than the deposited gold thickness. As a result, the gap and convex metal patterns were obtained in one shot, assisting the fabrication of the nano-scale electrode or probe. Fig. 9 . SEM images of the 3D SOG mold and the transferred gold pattern on the PET substrate, tilted at 75 ○ . Fig. 10 . SEM image of the 3D gold line pattern on the PET substrate tilted at 75 ○ . Figure 10 shows the convex gold line pattern transferred onto a PET substrate from an SOG mold coated with Cr 2 O 3 . The mold width was 300 nm and the transferred gold pattern width was 330 nm. The transferred gold pattern had a reverse-taper shape depending on the mold shape, thus this pattern appeared to be larger when observed from the top. We prepared finer line patterns in the same SOG mold. However, these were transferred as gap patterns, not as convex patterns, because the growth speed of the deposited gold thickness in the liner pattern tended to be slower than that of the mold surface (Fig. 7(a) ). Therefore, finer patterns will be obtained by further optimizing the gold deposition process.
Fabrication of moth-eye metal structure onto PET substrate
We then examined the aspect ratios of the resulting gold patterns in the presence and absence of the Cr 2 O 3 layer. Figure 11 shows the gold patterns obtained with a Cr 2 O 3 layer using molds of various aspect ratios. The highest aspect ratio obtained for a gold pattern with the Cr 2 O 3 layer was more than ten; the height and pitch of the layer were approximately 1000 nm and 100 nm, respectively. In contrast, in the absence of a Cr 2 O 3 layer, a GC mold fabricated for 10 min gave only a fine transferred gold pattern, and the transfer of the gold pattern area was partial when a mold fabricated for 15 min was used. The aspect ratio of this pattern was approximately four. Moreover, the PET substrate could not be removed from molds fabricated for more than 30 min. Consequently, it was shown that the Cr 2 O 3 layer has good release properties for transferring high aspect ratio gold patterns. Fig. 11 Relationships between machining time for ECR and heights of transferred gold patterns. Figure 12 shows SEM images of the GC mold surface before and after the metal deposition and transfer process tilted at 75
○ . The top of the moth-eye structure was enlarged to 40 nm after the deposition of the chromium and aluminum oxide release layers. However, the moth-eye structure was not filled by the metal oxide release layer. After the deposition of the transferred metal, the moth-eye structure was nearly filled. After the transfer process, we observed the edges of the transferred area on the mold, and found that all of the gold and silver layer had been transferred onto the PET substrate without breaking the original GC moth-eye structure. Figure 13 shows the metal moth-eye structure transferred onto the PET substrate. The diameter and the aspect ratio were approximately 160 nm and over five, respectively. Silver moth-eye structure Gold moth-eye structure Therefore, our technique is very useful for fabricating high aspect ratio metal patterns on flexible plastic film. Figure 14 shows the relationships of the wavelength and reflectivity of the transferred metal moth-eye structure on the PET substrate. In spite of a height difference of the moth-eye structure of only 50 nm, the reflectance spectrum of the gold pattern was totally different.
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Fig. 14 Relationships of wavelength and reflectivity of the transferred metal moth-eye structure on the PET substrate. Figure 15 shows a photograph of the transferred gold moth-eye structure on the PET substrate. The gold planar surface reflected the fluorescent light strongly, whereas the reflection from the gold moth-eye structure was reduced and it appeared to be dark brown in color because the peak reflectivity of the transferred gold moth-eye structure was approximately 780 nm, as shown in Fig. 14 . Fig. 15 Photograph of the transferred gold moth-eye structure on the PET substrate.
Generally, a nano-scale metal pattern generates surface plasmon resonance (SPR). Especially, the SPR peak wavelength of the gold nano pattern is near that of red light (800 nm) (11) - (14) . Although the moth-eye structures of gold and silver have similar shapes, the peak wavelength near the red light appeared clearly only with the gold moth-eye structure. This means that the gold pattern transferred using our process also generates SPR. We obtained a large gold moth-eye structure over an area exceeding 1 cm 2 . In short, our transfer technique with a metal oxide release layer is useful for fabricating very fine three-dimensional metal patterns, such as nano-electrodes and plasmon devices, onto large-area plastic substrates.
Summary
We examined a technique for transferring a 3D metal pattern onto a PET substrate using a metal oxide release layer. We used chromium as the release layer for gold, or aluminum oxide as the release layer for silver and copper. Without the aluminum oxide layer, the SOG mold broke at the first transfer process with copper. In contrast, with the aluminum oxide release layer, a copper gap pattern of 70 nm width was obtained on the PET substrate. With the Cr 2 O 3 layer, the SOG mold did not break after performing the transfer process four times, and the gold in the mold pattern could be removed when its height was higher than the mold pattern depth. Hence, the SOG mold with Cr 2 O 3 layer was self-cleaned in the transfer process, and so can be reused for our metal patterning technique. Moreover, a gold pattern with convexities and gaps could be transferred onto a PET substrate in one shot. As a result, 3D gold lines with width of 330 nm and height of 470 nm were obtained. Furthermore, a moth-eye structure of gold and silver, which has a high aspect ratio of over ten, was obtained on the PET substrate using a metal oxide release layer, without breaking the original GC mold pattern. Our technique with metal oxide release layer will be useful for fabricating fine three-dimensional metal patterns on large plastic substrates.
